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INTRODUCTION
Lateral variations in the temperature of the Earth's mantle have significant influence on the morphological and structural characteristics of mid-oceanic ridges. Hotspots, such as Iceland and Azores, induce excess axial morphologic elevation, with high magma production and consequently thickened crust. On the other hand, transform fault zones represent morphological depressions, with low magma production, and thin oceanic crust (Schilling et al., 1995; Thibaud et al., 1998) . In some localities, serpentinized mantle peridotite is exposed directly on the abyssal surface, forming elliptic hills called "megamullion" (Tucholke et al., 1998 (Tucholke et al., , 2001 Ohara et al., 2001) . These areas, so-called "cold spots", or "cold zones", are less common and little understood in comparison with hotspots. The best-known case is the Australian-Antarctic Discordance, called AAD, which probably reflects the presence of the cold, subducted lithosphere in the mantle (Gurnis et al., 1998; Ritzwoller et al., 2003) , also called "megalith" (Fukao et al., 1994; Maruyama, 1994) . A second probable cold spot lies in the equatorial region of the Atlantic Ocean.
The primary evidence for the presence of cold upper mantle beneath the Equatorial Mid-Atlantic Ridge comes from the structural analysis of the ridge axis morphology and the petrology of both basaltic and peridotitic rocks dredged from the area ( Fig. 1 ; Gorini, 1981; Bonatti & Honnorez, 1970; Bonatti, 1990; Bonatti et al., 1993; Schilling et al., 1995) . Deep axial domains are usually associated with colder mantle temperature, generally along the length of the transform fault. For example, the Australian-Antarctic Discordance is characterized by a depth anomaly of about 800 meters (Christie et al., 1998) . In the Equatorial Atlantic Ocean, the deepest point is located at southern part of the Saint Paul transform fault fracture zone (Schilling et al., 1995) , with depth anomaly of about 700 m. The basalt samples from the Equatorial Mid-Atlantic Ridge have different compositions from other parts of the mid-oceanic ridge system, and show a notable enrichment of incompatible elements. This phenomenon is attributed to melt enrichment derived from low degree of partial melts from a deeper but relatively colder upper mantle. Schilling et al. (1995) estimated that the temperature of this region may be 100 to 150 • C lower than other areas of normal Mid-Atlantic Ridge.
The geometry of the ridge axis at the Equatorial Mid-Atlantic Ridge is marked by one of the largest offsets of the whole Atlantic Ocean (Fig. 1) . Cold barrier effects of the exceptionally long transform faults (Fox & Gallo, 1984) could be partially responsible for the low mantle temperature and consequent low melting rates. However, this factor is not enough to explain the entire reduction in temperature observed (Bonatti et al., 1993; Schilling et al., 1995) . Moreover, numerical modelling suggests that the cold barrier effect is localized, extending only a few kilometres away from the ridge-transform intersection (Schilling et al., 1995) .
Two models for the formation of the cold upper mantle have been suggested. Bonatti (1990) proposed the possible existence of downwelling of mantle flow in a broad area of the Equatorial Atlantic region. The cold mantle mass could have originated from sub-continental lithospheric blocks entrained in the upper mantle during the continental rifting of West-Gondwana and subsequent formation of the Atlantic Ocean. In an alternative model, Schilling et al. (1995) attributed the cold mantle to an accumulation of subducted oceanic lithosphere at the margin of the Iapetus and Rheic Oceans from the time of Pangea formation.
In order to constrain further the origin of the cold mantle of Equatorial Atlantic zone, this study combines geochemical and geophysical data of the area around Saint Paul transform fault fracture zone.
GEOCHEMISTRY OF THE ABYSSAL PERIDOTITE
A suite of samples was collected from a large area around the Saint Paul Fracture Zone during a deep sea diving survey using the scientific submersible Nautile (Hekinian et al., 2000) . Ten abyssal peridotitic rocks and one of basaltic dyke sample were selected for the analyses of major elements, trace elements (Table 1) , including Re, Pt, and Os contents, and Os isotopic ratios (Table 2). The chemical analyses were performed at CNRS-Université de Bretagne Occidentale, France, following the protocol described in Cotten et al. (1995) .
Samples for this study were collected in 7 of the 13 dives along the intra-transform ridges (Fig. 2) , and from the North and the South Ridges of the Saint Peter Saint Paul massif. This massif is about 90 km long and 21 km wide at the 3000 m depth contour line, composed of two E-W trending ridges, called, respectively, North Ridge and South Ridge, forming an "S" shaped morphologic high (Hekinian et al., 2000) . The highest point is on the North Ridge, exposing its top above the sea level as small islands. They are called officially by the Brazilian Government "Arquipélago de São Pedro e São Paulo".
Some parts of Saint Peter Saint Paul North Ridge crop out above sea level forming 5 islets (Fig. 3) . This is the only locality in which serpentinized mantle peridotite of megamullion (Motoki et al., 2008) . Because of the alteration problem, the samples were selected based on freshness. They were analysed with high priority because they have highest contents of Os and are best situated to present the mantle-derived residual material than may yield geochemical information regarding the underlying mantle evolution. Os is highly compatible in mantle assemblages and has a notable contrast with Re partitions into the melt. Episodes of mantle melting therefore, slow or stop the ingrowths of radiogenic 187 Os over time, and allow the Re-Os isotope system to be used to constrain the depletion history of the mantle (Shirey & Walker, 1998) . Determination of reliable geochemical information of the abyssal peridotite is not easy because of seawater alteration and serpentinization, hydrothermal fluid interaction at high and low temperatures, and potential contamination by ocean floor sediment. The major element composition indicates high loss-onignition (Table 1) , as expected from the intensity of serpentinization. Snow & Dick (1995) showed that some major elements, such as Mg, can be removed during alteration on the seafloor. Mével (2003) stated that the serpentinization has little effect on most elements except for CaO, and that the MgO loss would take place only in low temperature weathering conditions of less than 100 • C. Figure 4 shows Re, Os, and Pt variations with MgO contents. The Re and Os abundances have almost no correlation to MgO, although Re addition during the serpentinization or hydrothermal alteration is possible. It is unlikely that these processes would add Os to the mantle peridotite. Likewise, the Pt contents appear to have no correlation with MgO, indicating that Pt is also little influenced by seafloor alteration. The peridotite samples have high MgO concentrations that are not clearly correlated with CaO, which is a highly mobile element during alteration. These observations indicate that the major element composition of these peridotite samples was not significantly affected by serpentinization or hydrothermal alteration even at low temperature. Therefore, the major and trace element variations may reflect directly the chemical characteristics of the oceanic mantle. For instance, the samples of Saint Paul Fracture Zone have lower Al 2 O 3 and CaO contents than the peridotitic rocks of the Kane Fracture Zone. These differences in major element composition are possibly a reflection of oceanic mantle chemical heterogeneities between above-mentioned areas.
It is noteworthy that sample SP 06-01 has low SiO 2 and MgO, but high Al 2 O 3 and FeO. This sample was extracted from a dyke and possibly represents a vein formed by the interaction of melts or fluids derived from peridotite in the oceanic lithosphere. This interpretation is consistent with high Ti, V and Sc contents, low Cr and Ni, and less radiogenic Os isotopic ratio of this sample (Tables 1-2) . Therefore, this sample is excluded from the diagrams for peridotite samples.
An inverse correlation between Os and Al 2 O 3 contents is generally observed in residual phases of melting events. Figure 5 shows variations of Re, Os, Pt contents, and of 187 Re/ 188 Os and (Fig. 6B) . However, neither of these two models is consistent with the observed low Re contents of the peridotite samples, because sediments and amphibolite are typically enriched in Re relative to mantle assemblages (Fig. 6C) . The same argument is valid for contamination of the peridotites by MORBs, as most basaltic melts also have high Re contents. In addition to the depletion in Os and Re contents, the end-member with radiogenic Os isotopic composition has high Pt contents. The process that led to the depletion in Re and Os appears to be also capable of concentrating Pt. The radiogenic nature of this end member is a good indication that this mantle component is ancient. A study of mantle xenoliths from arc settings has shown that the oxidizing conditions of the mantle wedge above the subduction zones favors the removal of Re and Os from mantle assemblages (Brandon et al., 1996) . Although it is not known how Pt would behave in similar conditions, it is possible that these chemical characteristics are inherited from an old subduction event.
The range of Os isotopic compositions obtained for this suite of rocks is large ( 187 Os/ 188 Os varies from 0.11988 to 0.14804) but the majority of the samples has γ Os values that are equal to or below chondritic values. These data cannot be explained simply by melt extraction from a fertile MORB mantle with homogeneous Os isotopic composition, and reinforce previous results by others indicating a sub-chondritic average for abyssal peridotites (Martin, 1991; Roy-Barman & Allègre, 1994; Snow & Reisberg, 1995) . The sub-chondritic Os isotopic composition of most of these peridotites also cannot be explained by interaction of the mantle assemblage with abyssal sediments that are significantly more radiogenic than the MORB mantle (Roy-Barman et al., 1998) or primitive upper mantle. Two peridotite samples have significantly higher Os concentrations and more radiogenic Os isotopic ratios. These characteristics could be attributed to possible assimilation of sediments and interaction of enriched melts or fluids (Fig. 7) . The chondritic to sub-chondritic Os isotopic composition of most Saint Paul Fracture Zone peridotites contrasts with models of Os isotopic evolution of the primitive upper mantle as constrained by spinel lherzolites from continental environments that support a more chondritic value for the bulk upper mantle (Meisel et al., 1996 (Meisel et al., , 2001 
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These ages might record depletion events of the abyssal peridotite and consequent old oceanic crust formation. This range of depletion model ages for the sampled mantle rocks is consistent with three different hypotheses: 1) Os isotopic composition of the MORB mantle is more unradiogenic than previously thought;
2) Abyssal peridotites entrained pieces of old continental lithosphere delaminated during the opening of the Atlantic Ocean; and 3) Abyssal peridotites inherited unradiogenic Os from depleted portions of fossil subducted slab, or megaliths.
The first hypothesis is less consistent with available data on chromite obtained from ophiolite sequences that have crystallised during oceanic lithosphere formation (Walker, 1989) , and the limited but robust set of Os isotopic compositions of primitive basaltic rocks from oceanic environments (Lassiter & Hauri, 1998) . These data indicate that the MORB source, although somewhat heterogeneous, has probably a chondritic to slightly super-chondritic Os isotope ratio.
The second and third hypotheses can be supported by the ReOs isotopic composition presented. The sub-continental lithosphere along the Atlantic Ocean margins in the equatorial region is much older than Pan-African (1.1-0.9 Ga). However, the age of melt depletion related to the formation of oceanic lithosphere, and its subsequent subduction during the closing of the Iapetus Sea in this region match better the Re-depletion model ages of the analysed peridotitic rocks.
The Os isotopic ratios of the Saint Paul Fracture Zone samples are not correlated with their 187 Re/ 188 Os ratio and can be attributed to possible late Re mobilisation (Fig. 7) . The data set shows a positive correlation between 187 Os/ 188 Os and Pt/Os (Fig. 8 ). The same relationship was observed in the abyssal peridotites from Kane Fracture Zone (Brandon et al., 2000) . In the Saint Paul Fracture Zone, Pt and Os concentrations also appear to be positively correlated, and the samples with higher Pt/Os ratios also have lower overall concentrations of these two platinum group elements.
MELT INCLUSION OF BONINITIC COMPOSITIONS
The composition of parental liquids to mid-ocean ridge basaltic rocks is controlled by source characteristics such as pressure, temperature, bulk mantle composition, degree of partial melting, and the presence of volatile species. Mid-ocean ridge primary magmas are generally basaltic and the freshest samples can be obtained from volcanic glass in abyssal pillow lavas that have cooled rapidly to prevent extensive fractionation, and are the best chemical proxies for their original source composition. The melt inclusions trapped within plagioclase phenocrysts in this glass can provide important information about their parental melt because they were isolated from later processes, such as magma mixing and crystallisation fractionation. However, their composition could be modified by post-entrapment recrystallisation of the host crystal, such as mineral growth. In order to evaluate the extent of host mineral crystallisation, it is important to note the relationship between the composition of the inclusion and the host mineral, zoning, or internal heterogeneity, which would provide a strong argument for the host mineral recrystallisation. Once host recrystallisation has been evaluated, the melt inclusion composition can be adjusted back to its original entrapment composition. Sichel (1990) presented the analyses of the melt inclusions in plagioclase phenocrysts and their host minerals, obtained from dredged samples of Mid-Atlantic Ridge (EN61-2D; latitude 2 • 24'S). A group of plagioclase crystals appears to be in equilibrium with the MORB matrix glass. However, the range in anorthite content for the plagioclase phenocrysts that contain melt inclusions goes up to An 90 , which can be interpreted as representing a more primitive melt composition than the matrix glass. The Mg# (Mg/Mg+Fe) of these primitive melt inclusions are 69-70. Table 3 shows major and trace element compositions of the matrix glass and representative melt inclusions. The high MgO, high SiO 2 and enriched LREE of the melt inclusions are consistent with a boninitic composition. Boninite is a primary high-magnesia andesitic magma generated from the partial melting of young and hot oceanic crust in the presence of H 2 O, generally in subduction zones (Crawford et al., 1989; Tatsumi & Maruyama, 1989) . Such melting conditions are present only in certain localities of arcs in which ridge subduction takes place. The presence of melt inclusions of boninitic composition in pla- gioclase phenocrysts in volcanic glasses from the Mid-Atlantic Ridge is consistent with melt contribution to MORBs from magmas generated from melting of slab material at depth.
SEISMIC TOMOGRAPHY
The topographic and mantle Bouguer anomaly (Fig. 9) sections across the Mid-Atlantic Ridge show a topographic low and a high Bouguer anomaly in the Equatorial Atlantic area in comparison with the other regions.
The attenuation Q model for seismic waves (Romanowicz & Gung, 2002; Gung & Romanowicz, 2004) demonstrates high Q values around the Mid-Atlantic Ridge of this region, implying cooler than normal mantle temperatures (Fig. 10) . This surface anomaly corresponds to a high-Q body located in the lower part of the upper mantle. Global whole mantle tomographic models (Boschi & Dziewonski, 1999; Ritsema & Van Heijst, 2000; Becker & Boschi, 2002 ) also show significantly high seismic velocities beneath the Equatorial Mid-Atlantic Ridge (Fig. 11) .
Although global tomographic models have generally low resolution at the surface (half-wavelength of ∼1000 km), both the S and P models show high velocities in the upper mantle near the equatorial area. A notable characteristic of these whole-mantle seismological models is that the high velocity zone observed for the upper mantle apparently continues into the lower mantle. A similar phenomenon is observed in the present day subduction zones. This geophysical evidence is consistent with the presence of fossil subducted slab fragments in the mantle.
High seismic velocities of the mantle in areas in which subduction is no longer active are attributed to the presence of old slab fragments (Steinberger, 2000) . The cold slab pieces can con- tribute to maintain the low temperature in upper mantle long after the end of subduction. This low mantle temperature could decrease the magma production at the ridge axis, resulting in thinner crust and thicker lithosphere. The cold upper mantle would result in a highly segmented ridge axis system at greater depth, as is observed in the Australian-Antarctic Discordance.
KINEMATIC PALEO-RECONSTRUCTIONS
The existence of plate fragments in the Equatorial Atlantic region may be related to the numerous episodes of subduction that occurred during the assembly of Pangea (Blakey, 2004; Scotese, 2004 ) that spanned more than 200 million years. Several convergent margins were active in this region since the Late Cambrian. The equatorial area may have corresponded to a region of subduction during two collision events of Gondwana and Laurentia: 1) prior to the closing of the Iapetus Ocean (Fig. 12A ) in the Ordovician, about 460 Ma; and 2) prior to closing of the Rheic Ocean (Fig. 12B) (Boschi & Dziewonski, 1999; Ritsema & Van Heijst, 2000) and the average P and S-wave models of Becker & Boschi (2002) . The average models enhance common and more stable features of different global tomographic models. Vertical sections are taken along the Mid-Atlantic Ridge axis.
ble origin for fragmentary blocks of oceanic lithosphere trapped in the upper mantle, which were remobilized upward during the subsequent rifting of Pangea and opening of the Atlantic Ocean (Fig. 13 ). An additional factor that could have contributed fragments of subducted lithosphere to the upper mantle is the shear movement that may have been active between Early and Late Permian along this margin of Pangea (Muttoni et al., 2003) .
A similar process was proposed for the Australian-Antarctic Discordance cold spot that, like the Equatorial Atlantic, has thin crust and a topographic low (Gurnis et al., 1998) . The seismic tomography similarly revealed a high velocity anomaly in the mantle, interpreted as low mantle temperatures of this area that resulted from fragments of an ancient slab (Ritzwoller et al., 2003) .
This slab is probably linked to a convergent margin that was active until about 100 million years ago. Although the AustralianAntarctic Discordance presents much stronger anomalies than the Equatorial Atlantic, we suggest that similar processes may have occurred in both areas.
DISCUSSION
The Os isotopic ratios recorded in the abyssal peridotites, the degree of depletion of basalts and peridotites, the ridge axial morphology, and the high seismic mantle velocities support the existence of anomalous cold mantle material beneath the Equatorial Atlantic region. The Re depletion model ages and palaeo-reconstructions of the area both point to an event in the Palaeozoic, probably the closing of the Iapetus Sea. Entrainment of subducted depleted mantle materials during the formation of the Atlantic oceanic lithosphere could have imparted the nonradiogenic Os signature to the abyssal peridotites in this region. Further evidence of subducted components beneath the Equatorial Atlantic region comes from the trace element and isotopic composition of tholeiitic basalts from intra-transform ridges within the St. Paul Fracture Zone. These samples show elevated Ce/Pb ratios, and 87 Sr/ 86 Sr isotopic ratios that plot towards the HIMU component of the oceanic array (Hemond et al., 2002) , geochemical characteristics that are commonly interpreted to be inherited from ancient recycled oceanic crust. The intense stretching of the lithosphere during the rifting and opening of the Equatorial Atlantic region might have induced delamination of the old continental lithosphere. The presence of cold continentally derived lithospheric fragments in the upper mantle could effectively reduce the average mantle temperature, thus yielding low melting rates and high seismic velocities at higher levels in the mantle. However, the high seismic velocities observed into the lower mantle in this region are more easily explained by the presence of a subducted slab than by delamination and downwelling of large blocks of subcontinental lithosphere.
It is speculated that the subduction at the margin of the Rheic Ocean until 300 million years ago provided the fossil slab mass around the present day position of the Equatorial Atlantic region relative to hotspots. Such cold slab material can be seen in a high velocity zone in the lower mantle on the tomographic image. Although the subducted lithosphere could have been created in a divergent period prior to 460 million years ago, the younger age estimates seem to be more consistent with the depletion model ages obtained with the Re-Os system.
CONCLUSION
Combined geochemistry on abyssal peridotites from the Saint Paul Fracture Zone, recent whole mantle tomographic models, and kinematic palaeo-reconstructions indicate that low mantle temperatures in the Equatorial Atlantic Ocean result from fragments of a subducted slab in the upper mantle. The presence of Mg-SiO 2 rich melt inclusions with LREE enrichment in MORB samples is consistent with the suggestion that the underlying oceanic mantle in the Equatorial Atlantic has chemical heterogeneities that are characteristic of those in arc settings. The colder lower mantle temperatures seen in global tomography models may have been induced by the detached cold slab fragments. These could also have the effect of cooling the upper mantle while maintaining a downwelling flow even without active present day subduction. Fragments of the subducted plate that were detached during earlier subduction could have melted or been entrained in the upper mantle, yielding the osmium isotopic compositions observed in the abyssal peridotites. 
